Abstract: An x-ray transfocator design for the combined use of 1D and 2D compound refractive lenses is described. The device includes stacks of beryllium parabolic lenses with different radii of curvature and provides microfocused x-ray beams in the 4-20 keV photon energy range. The transfocator has been implemented at the P10 Coherence Beamline of the PETRA III synchrotron at DESY, Hamburg. Results of transfocator performance and applications for coherent x-ray scattering experiments are presented.
Introduction
X-ray focusing devices have become standard components at beamlines of modern synchrotrons. Focusing optics provides an x-ray probe with a size ranging from tens of microns down to tens of nanometers and a thousand-fold gain of photon flux density. There exist different designs of x-ray focusing optics based on curved mirrors, multilayers, bent crystals, capillary optics, Fresnel zone plates and compound refractive lenses. Among the above mentioned optics the x-ray focusing systems based on compound refractive lenses (CRLs) represent certain advantages, namely, on-axis geometry, absence of spherical aberrations, suitability for hard x-ray energy range, simplicity of alignment and radiation hardness [1, 2] . The fabrication technique of parabolic refractive lenses has made significant progress [3] . The high-quality beryllium refractive lenses are commercially available and can serve as building blocks of on-axis focusing devices for hard x-ray beamlines at 3rd generation synchrotrons and free-electron laser facilities.
Refractive x-ray lenses are strongly chromatic optical elements with a focal distance being proportional to the photon energy squared. Thus, a number of individual lenses has to be grouped together to produce a focused beam for the required photon energy and the focal distance. Over the last years transfocator designs based on movable stacks of 2D CRLs have been proposed [4] [5] [6] [7] . In this article the next generation of a CRL transfocator is presented. The new transfocator design combines the standard 2D lenses and the newly developed 1D beryllium lenses. This enables independent control over the focused beam size and shape in both transverse directions.
Experimental

P10 beamline
The Coherence Beamline P10 of the new storage ring PETRA III at DESY, Hamburg is dedicated to perform coherent x-ray scattering experiments using x-ray photon correlation spectroscopy (XPCS) and coherent diffraction imaging (CDI). XPCS is an x-ray technique analogous to dynamic light scattering in visible light range and based on the use of coherent x-rays to probe the dynamics of condensed matter by analyzing temporal correlations of coherent scattering patterns (or 'speckles') [8] [9] [10] [11] . CDI is a high resolution imaging method aimed at 2D and 3D reconstruction of density distribution inside individual nanostructures or biological specimens [12] [13] [14] [15] . Computational phase retrieval algorithms are used in this technique for ab initio image reconstruction from coherent x-ray diffraction patterns measured in a far field.
An ultimate aim of the P10 beamline is to employ the full coherent flux of an undulator source for coherent scattering experiments. The beamline is equipped with a 5 m-long undulator U29 located in a low-beta section of the PETRA III storage ring. The x-ray source has a vertical size of 14 µm and a horizontal size of 85 µm at full-width at half maximum (FWHM). These remarkably small values are achieved thanks to the unique design of the low-emittance storage ring PETRA III having 2304 m circumference [16] [17] [18] . Nevertheless, the horizontal source size is six times larger than the vertical size which results in the inverse asymmetry of transverse coherence lengths. Matching vertical and horizontal coherence lengths can provide a several-fold enhancement of the coherent photon flux at a sample. It is for this purpose the new transfocator design includes both 1D and 2D lenses. It is planned to implement an additional vertically prefocusing CRL transfocator, located far upstream from the end-station, which will create a secondary source at an intermediate distance along the optical path. The combined use of 1D and 2D CRLs will produce an image of a secondary source in vertical direction and an image of a primary source in horizontal direction at the same focal plane.
The x-ray optical scheme of the P10 beamline consists of a vertical double-crystal Si(111) monochromator and a pair of horizontally reflecting flat mirrors (Si, Rh and Pt stripes) for suppression of higher harmonics of an undulator spectrum. Owing to an extreme brilliance of the PETRA III source, the beamline provides highly intense monochromatic x-ray beam with a coherent photon flux above 10 11 photons s −1 at the photon energy of 8 keV.
Transfocator design
The new design of a CRL transfocator is based on 1D and 2D beryllium parabolic refractive lenses manufactured at the RWTH Aachen [3] . The 2D lenses have rotationally parabolic shape and different radii of curvature ranging from 50 to 1500 µm. The actual 2D lens is mounted inside a high precision disk frame of 12 mm diameter ( Fig. 1(a) ) such that the centers of a lens and a disk match within a few microns. The 1D lens has a cylinder parabolic shape and its design is quite different. The lens is mounted in the center of a high precision square frame (20 × 20 mm 2 ) with the cylinder axis being parallel to the edge of a square ( Fig.  1(b) ). The 1D beryllium lenses are available with radii of curvature of 500, 1000 and 1500 µm.
The optical design of the transfocator represents a system of 12 lens stacks containing different number of 1D and 2D individual refractive lenses. Each lens stack contains a number of individual lenses N with a curvature radius R as listed in Table 1 . The first 4 stacks (numeration starts from the stack facing a beam first) contain 1D lenses, and the next 8 stacks contain 2D lenses. Due to different frame shapes for 1D and 2D case, the 2D lenses are grouped in a cylindrical cartridge, while the 1D lenses are stacked inside a rectangular cartridge ( Fig. 1(c, d) ). Lens cartridges are aligned with respect to each other on a single 90 degree precision rail guide made of stainless steel (SKF, Germany). Each cartridge is attached by a tension spring to an aluminum frame which is mechanically connected to a compact linear translation stage. Linear stages are driven by vacuum compatible linear piezo motors (PiezoMotor, Sweden) and equipped with end switches ensuring in and out of the beam positions for each CRL stack. The lens assembly is mounted inside an ultra-high vacuum (UHV) chamber such that the transfocator optics is operated in-vacuum. The UHV chamber is mounted on a positioning tower equipped with horizontal Y-translation (perpendicular to the beam), vertical Z-translation, and the corresponding two tilt stages, R y and R z (Huber, Germany). Underneath the positioning tower there is an X-translation stage (THK, Japan) providing ± 150 mm travel range along the beam and enabling a precise adjustment of a focal distance. The total transfocator length is 0.7 m (including the X-translation stage) which represents a relatively compact optical device which can be installed at different locations along the beamline path. In the present configuration the CRL transfocator is mounted on a granite table at the second experimental hutch of the P10 beamline at a distance of 85.5 m from a source. For the actual distance from the zero position of a transfocator to a sample position of 2.2 m the full 4-20 keV photon energy range can be explored. The mechanical design drawing and a photograph of the CRL transfocator installed at the beamline are shown in Fig. 2 . 
Transfocator performance
Alignment
The transfocator contains 12 independent CRL stacks which results in 2 12 = 4096 possible lens combinations. Each CRL combination can be represented by the 12-digit binary number or the corresponding decimal number M. In order to find the optimal combination for a given photon energy and an image distance one has to sort through all combinations and select the best one in terms of efficiency, gain, and number of lenses. Based on formulae given in [1] a Matlab script has been written to find the best lens combination and corresponding optical parameters such as actual focal distance, offset distance along an optical axis, transmittance, gain, focal spot size and depth of focus. Each stack of lenses is treated as one single lens consisting of N individual elements while the resulting optical parameters are calculated iteratively taking into account the actual device geometry.
Once the proper lens combination is defined, the transfocator has to be aligned in the beam. First, the transfocator position along an optical axis should match the focal length of a selected CRL at a given photon energy. This is done using the X-translation of the transfocator which moves the device from a zero position to an offset position ∆X. In a second step the optical axis of a device has to be aligned parallel to the beam direction, which is performed by Y-, Z-translations and R y -, R z -tilts. The fine tuning of the offset position can be performed by direct measurement of the beam size at a sample position as a function of an offset distance as shown in Fig. 3 . The focal spot size (FWHM) has been measured as a function of the transfocator offset ∆X by scanning a Pt/Ir knife edge and registering the transmitted intensity on a calibrated Si diode. The CRL consisting of one stack of 8 lenses with R = 50 µm (M = 2048) has been used at a photon energy of 15 keV. The calculated offset for this case is 47 mm which corresponds to a minimum of the curve measured for the vertical spot size. For the horizontal focus position, we observed that it is offset by 17 mm relative to the vertical focus position towards larger focal distances. The observed astigmatism effect is apparently attributed to the horizontally reflecting mirror pair which defocuses the beam slightly and thereby creates a virtual source located at a closer distance to the sample than the actual source position.
An important parameter of the focusing device is the transmission (or efficiency) being a ratio of the intensity incident on an entrance aperture to the transmitted intensity. Table 2 and show an excellent agreement with calculations. 
Focal spot measurement
The main function of the described transfocator is to focus an x-ray beam on a sample placed at a certain distance downstream of the device. In order to determine the size of a focal spot produced by the CRL transfocator we used conventional knife edge scanning across the focal spot. The beam was focused onto the slit aperture located at 1.91 m distance downstream the transfocator, and one of the polished Ta slit blades has been used for knife edge scanning in vertical and horizontal directions. The transmitted intensity was detected by avalanche photodiode placed behind the knife edge. No additional apertures were introduced between lens and knife edge. For the selected photon energy of E = 13.2 keV the CRL consisting of 7 lenses with R = 50 µm (M = 1792, stack numbers 9, 10, 11) has been employed. In the experiment, a special attention has been paid to the selection of the size of a CRL entrance aperture which was defined by the G2 in-vacuum slit located 1.5 m upstream the transfocator. Different slit settings have been applied and the optimum size of 100 × 100 µm 2 (providing the smallest focal spot) has been selected. For vertical direction the demagnified source size is 0.4 µm which is about five times smaller than the broadening of a focal spot due to Fraunhofer diffraction on the entrance aperture. Oppositely, for horizontal direction the spot size is mainly defined by the demagnified image of a source. Under these experimental conditions the focal spot sizes of 2.9(h) × 2.9(v) µm 2 have been measured showing a good agreement with the calculated values of 2.8(h) × 2.2(v) µm 2 (Fig. 4) . Noticeably, for the horizontal direction a very good match between experimental and theoretical values is achieved. In the vertical direction the experimental spot size exceeds the calculated value by ~30% which can be attributed to vertical disturbances of the cryo-cooled monochromator optics. 
Intensity contrast measurement
The influence of an entrance aperture of a CRL on the speckle contrast is of large importance for coherent scattering experiments utilizing focused beams. In other words, the lens illumination slit has to be adjusted to an optimal size in order to provide a maximum flux of coherent x-ray photons and maintain a high contrast at the same time. These settings can vary depending on optical design and geometrical parameters of a particular instrument. For this purpose the measurements of static speckles [19, 20] from dried colloidal systems have been performed at P10 using the microfocused beam delivered by the CRL transfocator. The speckle contrast values have been evaluated as a function of the lens illumination aperture size.
Colloidal systems consisting of polymethylmethacrylate (PMMA) particles dispersed in decalin have been used in the experiment. The samples were synthesized as described in references [21, 22] . The colloidal sample was filled into a quartz capillary of 1 mm diameter and dried in vacuum. The particle radius of 126 nm and a polydispersity of about 7% were determined from the formfactor of diluted sample. Speckle images were collected at a photon energy of 8 keV using the pixelated 2D detector MAXIPIX (516 × 516 px 2 active area, 55.5 µm pixel size, 1 ms readout time). The CRL combination consisting of a single lens of 200 µm radius and 2 lenses of 50 µm radius (M = 576, stack numbers 7 and 10) was used to focus x-ray beam onto a sample located 2.16 m downstream the transfocator. The CRL illumination slit G2 was set to constant horizontal sizes of 50, 75 and 100 µm while the vertical opening was varied from 50 to 300 µm. To assure the same average level of scattering intensity over all measured data sets the speckles were acquired by recording 20 detector frames with exposure times varied in 0.25 -4.5 s range depending on slit settings.
Scattering contrast β of measured speckles has been analyzed using the Matlab-based Contrast values above 50% have been observed in this experiment indicating a high degree of transverse coherence of a focused beam. The scattering contrast can be expressed via a detector pixel size p and a minimum 'speckle' size S min :
where B is a fitting coefficient describing a maximum contrast value which could be achieved using a detector with an infinitely small pixel size. The minimum 'speckle' size is the smallest scattering feature defined by the beam size
where L sd is the sample-to-detector distance and λ is the x-ray wavelength. The size D of a focused beam at a sample was taken as
Here d sl is the size of the CRL entrance slit, L q is the lens-to-sample distance, and C is a fitting parameter. The term representing a demagnified source size is omitted in (2) as it is small compared to the diffraction term. The presence of a term proportional to the slit size is related to the forward scattering fraction of the incident beam (Compton scattering from lens material [1, 2] ) and results in the contrast decrease for larger illumination slit sizes. The reduction of the transverse coherence of a focused beam caused by forward scattering background implies a certain limit on the size of the CRL illumination slit for coherent scattering experiments. As follows from our analysis this size is several times smaller than the effective aperture of the CRL (~500 µm). Experimental contrast curves have been fitted using Eq. (1) and Eq. (2), and the results are summarized in Table 3 , where G2h denotes the horizontal size of CRL entrance slit G2 and β max is the maximum contrast measured at a given horizontal slit setting. Obtained contrast curves show that for vertical slit sizes larger than 150 µm the contrast starts to decrease by more than 20% as compared to the maximum value. It is also observed that the contrast values measured for G2h slit size of 100 µm are ~20% lower than the contrast level obtained for 50 µm and 75 µm slit settings. From the analysis of contrast curves we conclude that for the used photon energy of 8 keV a reasonable compromise between coherent photon flux and scattering contrast can be achieved with a CRL entrance slit size of 75(h) × 150(v) µm 2 . 
CDI application
High degree of transverse coherence of the x-ray beam is a prerequisite for coherent x-ray diffraction experiments. Finite detector resolution (pixel size) poses certain constraints on the size of the beam illuminating a sample, namely, the minimum speckle size has to be larger than the pixel size of a detector. For the experiment, this means that the beam size at the sample has to be limited to a size of several tens of microns resulting in dramatic reduction of incident photon flux. Exploiting x-ray focusing it is possible to confine the beam without a loss of photon flux. Aiming to reveal the local structure of a hard-sphere colloidal crystal we have performed the CDI experiment using a coherently focused beam produced by the CRL transfocator. The colloidal crystals have shown promising applications as photonic crystals [23] although a high concentration of misfit dislocations hampers their implementation in real photonic devices [24] . We have studied a thin crystalline film of self-assembled polystyrene microspheres of 162 nm diameter. The crystal was grown by the vertical deposition technique on a glass substrate [25, 26] . Measurements were carried out in transmission geometry at a photon energy of 15 keV. X-ray beam was focused using the CRL combination of 8 lenses with 50 µm curvature radius (M = 2048, stack number 12) and the lens illumination slit size of 100 × 100 µm 2 . Coherent x-ray diffraction patterns have been acquired using the MAXIPIX pixel detector (see §4 for the detector parameters) positioned at a distance of 5.2 m behind a sample. The sample-to-detector distance and the pixel size of a detector define the achieved resolution in reciprocal space of 8. The coherent x-ray diffraction pattern measured from the high-quality domain of a colloidal crystal is shown in Fig. 6(a) . Bragg diffraction peaks up to (440) reflection and intensity oscillations due to the form factor of a colloidal sphere up to 7th order are clearly observed in the diffraction pattern. Experimental data have been processed using iterative phase retrieval approach. This technique is based on computational inversion of diffraction pattern in order to obtain a real space image by alternately applying direct and inverse 2D Fourier transform operations. The measured intensities provide input scattering amplitudes for the reconstruction procedure while unknown phases are iteratively refined by the algorithm. The maximum range of measured scattering vectors defines the pixel size of 15 nm in the reconstructed image. Experimental data were masked to eliminate inactive pixels and corrected for a flatfield response of the detector. Prior to starting a reconstruction procedure the CDI pattern was binned to 258 × 258 px 2 size. For phase retrieval reconstruction we have applied the hybrid input-output (HIO) algorithm [27] with a circular support of 30 px radius. The central region of 100 × 100 px 2 of the reconstruction image is presented in Fig. 6(b) . The resulting image was obtained by an average over 70 independent reconstruction runs started from a random set of phases. The transverse profile of a focused beam has been taken into account by normalizing the obtained image by a broad gaussian distribution of 36 px width. In the reconstructed image one can clearly observe the projected density of colloidal spherical particles arranged in hexagonal close-packed structure [28, 29] . From the reconstruction result, the distance a = 96 nm between adjacent maxima has been determined which corresponds to the actual interparticle distance (sphere diameter) of d = a√3 = 166 nm. The reconstructed diameter of colloidal microspheres agrees well with the nominal particle size of 162 nm obtained from the crystal manufacturer. 
Summary
The new x-ray transfocator featuring 1D and 2D parabolic refractive lenses has been designed and implemented at the P10 Coherence Beamline of the PETRA III synchrotron at DESY, Hamburg. Using different lens combinations it is possible to obtain a microfocused x-ray beam in the photon energy range between 4 and 20 keV. Results of transfocator testing confirm the straightforward alignment and the stable performance of the device. The focal spot sizes of less than 3 × 3 µm 2 have been measured by knife edge scanning at a photon energy of 13.2 keV and the actual distance between transfocator and knife edge of 1.91 m.
In order to find optimal conditions in terms of spatial coherence and coherent photon flux of a CRL focused beam, the static speckles from dried colloidal particles have been measured as a function of the CRL entrance aperture size. Statistical analysis of speckles measured at 8 keV photon energy has revealed contrast values above 50% and an optimal illumination slit size of 75(h) × 150(v) µm 2 has been established. Coherent microfocused x-ray beam produced by the CRL transfocator at the P10 beamline has been employed for coherent diffraction imaging of a colloidal crystal made of polystyrene microspheres. The coherent diffraction patterns measured from a colloidal crystal film in transmission at a photon energy of 15 keV have been reconstructed to yield the direct image of projected density of close-packed spherical particles. The reconstructed diameter of colloidal microspheres is in a good agreement with the particle size provided by the crystal manufacturer.
The obtained results demonstrate that the new transfocator performs as predicted. Focal spot sizes of less than 5 µm in both transverse directions are routinely achieved and the spatial coherence is preserved in a focused x-ray beam under coherent illumination conditions.
